Inclusion removal is key in the production of high quality steel. The inclusions are primarily removed from liquid steel by reacting with a liquid slag phase. For efficient inclusion removal, the inclusions transfer across the steel-slag interface to dissolve in the slag. This transfer process is strongly influenced by interfacial phenomena. In this study, the dynamic wetting (θ) of a range of slags in the CaO-Al 2 O 3 -SiO 2 -(MgO) system on solid oxides representing inclusion phases (Al 2 O 3 , MgAl 2 O 4 and CaO.Al 2 O 3 ) at 1 773 K was investigated using a sessile drop technique. It was found that for all systems studied θ versus time showed a rapid decrease in wetting in the first 10 s tending to a plateau value at extended times. Further, for basic type ladle slags the plateau value was independent of slag composition and for acid type tundish slags the plateau value decreased with increasing basicity. Through work of adhesion analysis it was shown that ladle type slags appeared more suitable for inclusion removal and that from a wetting perspective calcium aluminate would be easier to remove than spinel and alumina. Choi and Lee's dynamic wetting model was evaluated and found to not only represent the data well but have physical relevance for the basic, but not the acid, slags investigated.
Introduction
Inclusion removal is key in the production of high quality steel. 1, 2) Non-metallic inclusions in steel are formed through steel deoxidation, refractory erosion and/or corrosion as well as slag and mould flux entrainment and solidification products. These affect both productvity and the physical properties of the final product and, where they can be removed, are normally removed by reacting with a liquid oxide phase (slag). Removal is primarily achieved by optimising the process conditions to promote contact and reaction between the inclusion and slag and ultimately transfer of the inclusion from the steel to slag. 2) Transfer of inclusions across the steel-slag interface is strongly influenced by interfacial properties and is probably the least understood step in inclusion removal. 2, 3) For an inclusion to be removed it must pass through the metal-slag interface and into the slag phase. This is favoured when contact angle (θ) for the steel-inclusion is greater than 90° (non-wetting) and that this value is greater than θ for the inclusion-slag (θ steel-inclusion > θ slag-inclusion ). 3) In the previous work by the current authors on dynamic wetting of ladle type slags on solid MgAl 2 O 4 spinel 4) it was found that increasing the basicity of the slag lowered the intial θ but had little effect on the final θ i.e. at extended times θ tended to the same value for the slags tested. Further, it was also found that the Choi and Lee spreading model 5) appeared to represent the data well and showed promise as a tool for understanding the effects of slag theremo-physcial properties on wetting. It was not possible to be more definitive with respect to the model as only a limited number of slags on one substrate (spinel) was assessed.
In this study the effect of a broader range of slag compositions in the CaO-Al 2 O 3 -SiO 2 -(MgO) system with a wider range of expected thermophysical properties on 3 substrates (alumina: Al 2 O 3 , spinel: MgAl 2 O 4 and calcium aluminate: CaO.Al 2 O 3 ) on the dynamic wetting behaviour was investigated.
Experimental
A schematic of the sessile drop apparatus used to measure the contact angle between liquid slag and a solid substrate is given in Fig. 1 The slag and substrate were heated separately to 1 773 K, the experimental temperature, under high purity (99.99%) argon at a flow rate of 0.75 l/min. The gas was scrubbed by passing through ascarite and drierite prior to entering the furnace. Once the temperature was stabilized (~10 minutes) the liquid slag was added to the substrate. The details of this technique have been reported elsewhere.
4) The spreading of the slag on the substrate was recorded using a Sony 6.1 MP video camera (HDR-SR7E). The camera was fitted with a 2 x telephoto lens and 2 HOYA neutral density filters (NDX4 and NDX400) in series.
The contact angle (θ) was calculated using Eq. (1) representing the geometry of a spherical cap (as can be seen in Fig. 2 6) ) using digital still images captured from the recordings, where, R is the radius of the sphere dissected by the basal plane, h is the height of contact circle and a is radius of contact circle. The angle α in Fig. 2 (a) is equivalent to θ/2 in Fig. 2 + in mass ratio, is also given in the 3 ( > 99%) starting materials by reaction sintering. The appropriate proportion of required powders were mixed and then pressed into disks and sintered at 1 873 K for spinel and at 1 723 K for calcium aluminate in a period of 24 hours. This sintered material was then crushed to a fine powder ( < 38 μm) and re-sintered at 1 998 K for the former and at 1 798 K for the latter for a period of 6 hours. After the second sintering, the spinel and calcium aluminate phases were confirmed by X-ray diffraction (XRD), see Figs. 3(a) to 3(c) for alumina, spinel and calcium aluminate respectively. No other phases were identified.
The alumina, spinel and calcium aluminate substrates had an average apparent porosity 10) of 0.5%, 1.9% and 1.7% respectively. The spinel was of composition 71.7% Al 2 O 3 and 28.3% MgO and the calcium aluminate composition was 64.5% Al 2 O 3 and 35.5% CaO in mass%. To minimize the effect of surface roughness all substrates were then polished to 1 μm prior to use in the sessile drop experiments.
The surface roughness of the substrates was measured by using a non-contacting surface roughness measuring apparatus (Veeco Wyko NT9100 Optical Profilometer) and the mean center-line roughness (R a ) was measured for a number of points on the substrates and an average value of 0.147 μm was obtained.
Results and Discussion

Wetting Behavior
A typical example of the spreading and wetting behavior of a liquid slag drop on a ceramic substrate of spinel can be found in the previous study of the current authors.
4) The liquid drop spread out on the substrate within a few seconds. This behavior was observed for all slags and substrates used. The θ decreased rapidly in the first 10 s tending to a plateau value at the extended times for slag types on different substrates. The θ reached to plateau value between ~30 to 70 seconds.
The initial drop in θ is consistent with the previous work the authors have reported on spinel material 4, 11) and similar to what other workers found for CaO-SiO 2 -Al 2 O 3 based slags on alumina. 5) This change is likely to be principally due to the reaction of the slag with the substrate but may also contain a momentum component due to the slag addition technique.
The plateau θ value for L type slags was relatively independent of slag composition on all substrates. The T type slags showed a lower θ with increasing basicity of the slag, this was less pronounced for the spinel substrate. Further, it took longer for the T1 slag to reach a plateau value. This was the most acidic slag. This longer time is likely due to a combination of both the drive to equilibrium (thermodynamic factor) and resistive forces associated with the viscosity of the slag. The effect of slag viscosity is further discussed when applying the Choi and Lee 5) dynamic wetting model. The wettability of each specific slag on different substrates was also compared and is given in Figs. 4 and 5 for T type and L type slags respectively. It was found that θ for calcium aluminate < spinel which in turn was < alumina for all slags used. The concept of work of adhesion, W, has been used to assess the relative removability of different inclusion types from the steel. W was calculated via Eq. (2). 2) where σ LV is the slag-vapor surface energy and θ is slagsubstrate contact angle. The σ LV values for slags used were obtained via the National Physical Laboratory (NPL) slags model 12) and plateau θ values as plotted and shown in Fig.  6 have been used to calculate W (see Fig. 7 ). It can be seen that the lower the θ the greater the W. From Fig. 7 , it can also be seen that L type slags give a greater W than that of T type ones. The greater W is indicative of a stronger bond between slag and inclusion. This likely indicates that for all other factors being equal, the efficiency of removal of inclusions from steel is likely to be greater using L-type slags and greater for that of calcium aluminate than that of spinel and alumina.
The primary limitation in this analysis is that any inclusion size/radius/morphology effects have not been addressed and that the system being studied is slag-inclusion phasegas (Argon) as opposed to slag-inclusion phase-liquid steel. While this may limit the direct applicability to steelmaking of the experimental results and the work of adhesion approach, the data generated and analysis offers a basis for possible selection of inclusion and slag type to optimize inclusion removal. 
Application of the Choi and Lee 5) Dynamic Wetting Model
The applicability of the Choi and Lee 5) model to represent the dynamic wetting behavior of liquid slag on inclusion substrates has been reported in previous studies. 4, 5) This model is given in Eq. This model is based on the Schroeder spreading model, 13) the primary difference being an added term that deals with the change in equilibrium contact angle as a result of reaction between the slag and the oxide substrate. The model is principally based on the physical concept that dynamic wetting is a net result of two forces acting on the liquid-solid system. A driving force, caused by unbalanced interfacial forces, and a retarding force caused by liquid viscosity. Equating the driving and retarding forces, Schroeder 13) showed that wetting has an inverse power tail as represented in the second term ( applied to the wetting data obtained in this study on alumina, spinel and calcium aluminate substrates. In order to apply this model the factor b of Eq. (3) was evaluated for the slag-substrate systems used in this study. Using Choi and Lee's b-roughness correlation for glycerol on glass, reproduced in Fig. 8 , the value of b were estimated to be 0.346 from the measured roughness of the substrates. The experimental results were then fitted in this model using a non-liner regression technique 14) and the fitting terms θ e ap p Table 2 for the systems studied.
Given the number of fitted parameters used in fitting Eq. (3) to the wetting data it is not surprising that there is a good fit. In the previous work by the authors that looked at L type slags on the spinel substrate, 4) it appeared that there was a case to be made that the Choi and Lee model 5) to some degree represented the physical nature of the slag-substrate system. The approach used was to evaluate the m parameter (see Eq. (4) (4) where σ LV is the surface tension of the liquid slag and η is the viscosity of slag. Equation (4) is derived from a consideration of the original Schroeder model. 13) In this study a similar approach was used to test the data, though a consideration of the other fitted parameters given in Table 2 will also be discussed. There was a consistency to the θ e app , 0 and θ e app , ∞ values quoted in the table. They are similar to experimental values at t = 0 and that of the plateau values respectively. These experimental values are arguably the ones that would be chosen to represent the equilibrium contact angles. The agreement between these modeled and experimental parameters is perhaps no surprise given how well the Choi and Lee model represents the data and is not definitive. Ideally equilibrium θ values would be obtained values used for Λ i are those recommended in the review by Sommerville and Yang. 18) There is no universally applicable model that deals with slag structure from acid through to basic slags that is fully quantitative, 19) the choice of optical basicity is purely for convenience.
From Fig. 9 , it can be clearly seen the two populations of data, the basic slag (values of Λ > 0.75), showing a strong correlation between calculated and fitted m and changes in m with basicity and the acid slag (values of Λ < 0.660) showing little correlation in m or m with basicity.
Why should there be such a difference in the predicted value with respect to slag structure? As stated previously the m parameter represents a simple force balance between viscosity and interfacial forces. This force balance appears to be adequate for the simple basic slags but not so for the more complex acidic slags. Acid slags potentially have large more complex ions than basic slags, they may be ring structures and or long chain ions built from the Si tetrahedron. 20, 21) Basic slags contain ions based on the simple Si tetrahedron, basic cations and excess O 2 − ions. 20, 21) The large structures associated with acid slags require greater shear forces than basic slags to induce movement resulting in an increased viscosity. Further, these more complex acid slag structures are likely to present a more variable ion surface to the gas or solid interface than the relatively simple basic slag. 20) It is likely the more complex interface and the effects of the larger acid ion structures are not fully represented in viscosity and/or are not simply resolved for the interfacial forces and that other terms may have to be It is a pre-exponential term from an Arrhenius approach to reactivity or diffusion and perhaps could be argued as a probability or jump frequency factor. 15) It is not at all clear how this factor would be expected to vary with changing slag composition or substrate phase and therefore how it would be used it to assess the model.
To evaluate the m parameter represented by Eq. (4) characteristic values for η and σ LV of the slags were calculated using the Riboud model 16) and NPL slags model 12) respectively. These values are given in Table 3 and compared with the m values obtained from the Choi and Lee model ( Table 2) .
There is a good agreement with the calculated and fitted m values, both in terms of order of magnitude and trend with changing slag composition, for the type L slags on all 3 substrates. With the T type slags there is no obvious relation between the different (calculated and fitted) m values. The choice of slags studied was based on those reported for use in steelmaking processes 17) and also to ensure that a broad range of viscosities, and hence parameter m would be evaluated. The type T slags are acid like i.e. they are large covalently bonded ions, whereas the type L slags have a basic character and smaller ions. To assess or infer the effect of structure of the slag on parameter m, a plot of m versus optical basicity (Λ) was evaluated and given in Fig. 9 . Λ was calculated using Eq. (5)
where Λ i is the optical basicity value of the single oxide and X is the equivalent cation fraction of each oxide. The considered. While it has not been shown that Choi and Lee model has applicability in acid slags it would appear to offer much promise in basic slag systems.
Conclusions
In a study to investigate the dynamic wetting of selected slags in the CaO-Al 2 O 3 -SiO 2 -(MgO) system on alumina, spinel and calcium aluminate substrates it was found that
• The θ of the slags for all systems studied showed a rapid decrease in wetting in the first 10 s tending to a plateau value at extended times. Further, that for basic type ladle slags the plateau value was independent of slag composition and for acid type tundish slags the plateau value decreased with increasing basicity.
• For the slags systems tested it was found that θ for calcium aluminate < spinel which in turn was < alumina.
• From a work of adhesion analysis it was found that for all other factors being equal ladle type slags would show better inclusion removal characteristics for the phases tested and that from a wetting perspective calcium aluminate would be easier removed than spinel and alumina.
• Choi and Lee's dynamic wetting model was evaluated and found to not only represent the data well but have physical relevance for the basic but not for the acid slags tested.
